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ABSTRACT 

T h i s  paper  p r e s e n t s  measurements of  t e r m i n a l  v e l o c i t i e s  o f  

O B  s t a r s  which a r e  r a p i d  r o t a t o r s ,  based on a r c h i v a l  h i g h  

d i s p e r s i o n  1UE.spec t r a  o f  t h e  C IV r e sonance  d o u b l e t .  The 

t e r m i n a l  v e l o c i t i e s  o f  t h e  most r a p i d l y  r o t a t i n g  s t a r s  a r e  

s y s t e m a t i c a l l y  lower  t h a n  those o f  t h e  l e s s  r a p i d l y  r o t a t i n g  

s t a r s ,  though t h e  number  of very r a p i d  r o t a t o r s  i s  s m a l l .  The 

mod i f i ed  l i n e - r a d i a t i o n  d r i v e n  w i n d  model o f  Friend and Abbot t ,  

which t a k e s  i n t o  a c c o u n t  t h e  f i n i t e  s i z e  of  t h e  s t a r  a s  well a s  
4 + a -  r o t a t i o n ,  p r e d i c t s  t h a t  t h e  terminal  velocity s h o u l d  indeed 

d r o p  w i t h  i n c r e a s i n g  r o t a t i o n a l  v e l o c i t y ,  i n  agreement  wi th  t h e  

new measurements.  

- .  
stars: mass loss - line profiles - 

S u b j e c t  h e a d i n g s : / s t a r s :  e a r l y - t y p e  - - / s t a r s :  r o t a t i o n  -- s t a r s :  

w i n d s  - ultraviolet.: spectra 
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I , I N T R O D U C T I O N  

The t h e o r y  o f  l i n e - r a d i a t i o n  d r i v e n  w i n d s ,  based on t h e  

model o f  C a s t o r ,  A b b o t t ,  and K l e i n  (1975 ;  h e r e a f t e r  C A K ) ,  and 

r e c e n t l y  i m p r o v e d  b y  F r i e n d  and A b b o t t  (1986 ;  h e r e a f t e r  FA) and 

P a u l d r a c h ,  P u l s ,  and K u d r i t z k i  ( 1 9 8 6 ) ,  i s  now v e r y  s u c c e s s f u l  i n  

p r e d i c t i n g  mass l o s s  r a t e s  (f i )  and t e r m i n a l  v e l o c i t i e s  (v,) f o r  

t h e  w i n d s  f r o m  0 s t a r s ,  e a r l y  B s t a r s ,  and B s u p e r g i a n t s .  The 

r e c e n t  p r e d i c t i o n s  o f  FA and P a u l d r a c h  -- e t  a l .  a r e  i n  much c l o s e r  

a g r e e m e n t  w i t h  o b s e r v a t i o n s  t h a n  t h o s e  o f  t h e  o r i g i n a l  CAK model.  

The p r e d i c t e d  mass l o s s  r a t e s  have t h e  same dependence on s t e l l a r  

l u m i n o s i t y  as t h e  o b s e r v a t i o n a l  d e t e r m i n a t i o n s  o f  A b b o t t ,  

B i e g i n g ,  and C h u r c h w e l l  (1981) .  based  on r a d i o  c o n t i n u u m  

e m i s s i o n ,  and o f  Garmany -- e t  a l ,  ( 1 9 8 1 ) ,  - .  based  on UV l i n e  p r o f i l e  

f i t t i n g ,  They a l s o  a g r e e  t o  w i t h i n  a f a c t o r  o f  a b o u t  two  i n  

m a g n i t u d e  w i t h  t h e  o b s e r v a t i o n a l  d e t e r m i n a t i o n s .  The p r e d i c t e d  

t e r m i n a l  v e l o c i t i e s  a g r e e  v e r y  w e l l  w i t h  UV P Cygn i  l i n e  

measurements i n  b o t h  magn i tude  and dependence on t h e  s t e l l a r  

e s c a p e  v e l o c i t y  veSc ( e x c e p t  f o r  t h e  s t a r s  w i t h  v e r y  h i g h  escape  

v e l o c i t i e s ;  see  FA). Because o f  t h e  d i f f e r e n t  dependence o f  t h e  

t e r m i n a l  v e l o c i t y  on  t h e  CAK r a d i a t i o n  f o r c e  p a r a m e t e r s ,  even t h e  

d e c r e a s e  i n  t h e  r a t i o  o f  v,/vesc f o r  t h e  l a t e  B s u p e r g i a n t s  c a n  

now be  e x p l a i n e d .  

The c a u s e  o f  t h i s  b e t t e r  ag reemen t  i s  t h e  i m p r o v e d  t r e a t m e n t  

o f  t h e  s o u r c e  o f  c o n t i n u u m  r a d i a t i o n  w h i c h  i s  t h e  d r i v i n g  f o r c e  

b e h i n d  t h e  w ind .  I n s t e a d  o f  assuming  i t  t o  b e  a p o i n t  sou rce ,  as 

i n  C A K ,  t h e  new m o d e l s  use  t h e  a p p r o x i m a t i o n  t h a t  t h e  s o u r c e  o f  
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r a d i a t i o n  i s  a u n i f o r m  d i s k .  The m a i n  e f f e c t  of t h i s  a s s u m p t i o n  

i s  t o  r e d u c e  t h e  l i n e  r a d i a t i o n  f o r c e  n e a r  t h e  s t a r ,  s i n c e  t h e  

r a d i a t i o n  f i e l d  i s  no  l o n g e r  p u r e l y  r a d i a l ,  and n o t  a l l  o f  t h e  

momentum o f  t h e  r a d i a t i o n  f i e l d  i s  added t o  t h e  f l o w .  T h i s  

e f f e c t  r e d u c e s  t h e  mass l o s s  r a t e ,  and, s i n c e  l e s s  mass i s  b e i n g  

a c c e l e r a t e d  by t h e  same f o r c e  a t  l a r g e  r a d i i  w h e r e  t h e  p o i n t  

s o u r c e  a p p r o x i m a t i o n  i s  good, t h e  t e r m i n a l  v e l o c i t y  i n c r e a s e s .  

B o t h  o f  t h e s e  changes  a r e  i n  t h e  r i g h t  d i r e c t i o n  and o f  t h e  r i g h t  

s i z e  t o  e x p l a i n  t h e  o b s e r v a t i o n s  o f  h o t  s t a r  w i n d s .  

S i n c e  w e  c a n  now c o n f i d e n t l y  p r e d i c t  t h e  p r o p e r t i e s  o f  t h e  

w i n d s  f rom " n o r m a l "  OB s t a r s  w i t h i n  r o u g h l y  t h e  o b s e r v a t i o n a l  

u n c e r t a i n t y ,  we a r e  i n  a p o s i t i o n  t o  i n v e s t i g a t e  s e c o n d a r y  

e f f e c t s  on  t h e  a c c e l e r a t i o n  o f  t h e  w inds .  A n o t h e r  i m p o r t a n t  

p r o p e r t y  o f  OB s t a r s  i s  t h a t  t h e y  a r e  r a p i d  r o t a t o r s  ( C o n t i  and 

E b b e t s  1977) .  D i f f e r e n t  r o t a t i o n a l  v e l o c i t i e s  c o u l d  p o s s i b l y  

e x p l a i n  some o f  t h e  r e m a i n i n g  s c a t t e r  i n  t h e  o b s e r v a t i o n a l  d a t a .  

T h e r e  have a l r e a d y  b e e n  a t t e m p t s  t o  model  t h e  e f f e c t s  o f  r o t a t i o n  

on t h e  p r o p e r t i e s  o f  t h e  winds. C a s t o r  ( 1 9 7 9 )  i n c l u d e d  t h e  

e f f e c t s  o f  r o t a t i o n  i n  a o n e - d i m e n s i o n a l  mode l  b y  c o n s i d e r i n g  t h e  

e q u a t o r i a l  p l a n e  o n l y .  He found  t h a t  t h e  t e r m i n a l  v e l o c i t y  

d e c r e a s e s  w i t h  i n c r e a s i n g  r o t a t i o n a l  v e l o c i t y .  T h i s  dependence 

c a n  b e  u n d e r s t o o d  as  t h e  e f f e c t  o f  a r e d u c t i o n  i n  t h e  e f f e c t i v e  

e s c a p e  speed on t h e  e q u a t o r ,  s i n c e  t h e  t e r m i n a l  v e l o c i t y  i n  

r a d i a t i o n - d r i v e n  w i n d s  i s  near ly  p r o p o r t i o n a l  t o  t h e  escape  

v e l o c i t y  ( A b b o t t  1978; FA) .  With t h e  p o i n t  s o u r c e  a p p r o x i m a t i o n  

o f  CAK, C a s t o r  f o u n d  t h a t  t h e  mass l o s s  r a t e  was b a s i c a l l y  

unchanged by r o t a t i o n ,  s i n c e  t h e  c r i t i c a l  p o i n t  i n  t h e  wind,  
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where t h e  mass loss r a t e  i s  d e t e r m i n e d ,  moves o u t w a r d  as t h e  

r o t a t i o n a l  v e l o c i t y  i n c r e a s e s .  When t h e  f i n i t e  s i z e  o f  t h e  s t a r  

i s  i n c l u d e d ,  as i n  t h e  FA model, t h e  mass l o s s  r a t e  i n c r e a s e s  

w i t h  i n c r e a s i n g  r o t a t i o n a l  v e l o c i t y ,  s i n c e  t h e  c r i t i c a l  p o i n t  i s  

c o n s t r a i n e d  b y  t h e  f i n i t e  d i s k  f a c t o r  t o  be  much c l o s e r  t o  t h e  

s t e l l a r  s u r f a c e .  T h i s  e f f e c t  c a n  d e c r e a s e  t h e  t e r m i n a l  v e l o c i t y  

even more, because v, w i l l  go down as t h e  amount o f  mass b e i n g  

a c c e l e r a t e d  i n  t h e  w i n d  goes up. The F A  model t h u s  makes 

s p e c i f i c  q u a n t i t a t i v e  p r e d i c t i o n s  f o r  t h e  e f f e c t s  o f  r o t a t i o n  on  

t h e  w i n d s  f r o m  h o t  s t a r s .  

T h e r e  have been many o b s e r v a t i o n a l  d e t e r m i n a t i o n s  o f  t h e  

mass loss r a t e s  and t e r m i n a l  v e l o c i t i e s  i n  h o t  s t a r  winds.  

U l t r a v i o l e t  P Cygn i  p r o f i l e s  a r e  t h e  m o s t  u s e f u l  d i a g n o s t i c s .  

The s t r o n g e s t  P C y g n i  l i n e s  i n  t h e  w i n d s  f r o m  h o t  s t a r s  a r e  t h e  

r e s o n a n c e  d o u b l e t s  o f  C I V  and N V, a c c e s s i b l e  w i t h  t h e  s h o r t  

w a v e l e n g t h  camera (SWP) on t h e  I n t e r n a t i o n a l  U l t r a v i o l e t  E x p l o r e r  

( I U E )  s a t e l l i t e .  I n  a t y p i c a l  0 s t a r  w ind ,  t h e  s h o r t  w a v e l e n g t h  

edge o f  t h e  N V l i n e  i s  b l e n d e d  w i t h  Lyman a, b u t  t h e  s h o r t  

w a v e l e n g t h  edge o f  t h e  a b s o r p t i o n  component  o f  t h e  C I V  l i n e  

g i v e s  a r e l i a b l e  e s t i m a t e  ( t o  w i t h i n  r o u g h l y  20%) of t h e  t e r m i n a l  

v e l o c i t y .  Mass l o s s  r a t e s  can b e  e s t i m a t e d  b y  f i t t i n g  U V  l i n e  

p r o f i l e s  t o  t h e o r e t i c a l  p r o f i l e s ,  o r ,  i f  t h e  w i n d  i s  dense 

enough, b y  r a d i o  c o n t i n u u m  e m i s s i o n ,  assuming  i t  i s  f r e e - f r e e  

e m i s s i o n  i n  t h e  wind.  B o t h  o f  t h e s e  methods,  e s p e c i a l l y  t h e  l i n e  

f i t t i n g  method, a r e  model -dependent ,  so  t h e  o b s e r v a t i o n a l  

u n c e r t a i n t y  i n  t h e  mass loss r a t e s  i s  c o n s i d e r a b l y  h i g h e r  t h a n  

t h a t  i n  t h e  t e r m i n a l  v e l o c i t i e s .  Our b e s t  hope f o r  t e s t i n g  t h e  
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p r e d i c t i o n s  o f  t h e  r o t a t i n g  wind model o f  F A  i s  t o  l o o k  a t  

t e r m i n a l  v e l o c i t i e s  o f  r a p i d l y  r o t a t i n g  s t a r s .  

The c a t a l o g  o f  Uesug i  and Fukuda ( 1 9 8 2 )  c o n t a i n s  

measurements o f  t h e  p r o j e c t e d  r o t a t i o n a l  v e l o c i t i e s  ( v  s i n  i) o f  

t h o u s a n d s  o f  % t a r s ,  n o r m a l i z e d  t o  t h e  same s c a l e .  Compar ing t h e  

p r e v i o u s  I U E  measurements o f  t e r m i n a l  v e l o c i t i e s  by  C a s s i n e l l i  

and A b b o t t  ( 1 9 8 1 ) ,  Garmany - -  e t  a l .  ( 1 9 8 1 ) ,  O l s o n  and C a s t o r  

( 1 9 8 1 ) ,  and Garmany and C o n t i  ( 1 9 8 4 )  w i t h  t h e  measurements i n  

Uesug i  and Fukuda, shows t h a t  n o t  many r a p i d  r o t a t o r s  have had 

t h e i r  t e r m i n a l  v e l o c i t i e s  measured. I n  f a c t ,  o n l y  one s t a r  w i t h  

a t a b u l a t e d  v has a r o t a t i o n a l  v e l o c i t y  l a r g e r  t h a n  h a l f  of t h e  

c r i t i c a l  r o t a t i o n a l  v e l o c i t y ,  a t  w h i c h  t h e  c e n t r i f u g a l  f o r c e  j u s t  

b a l a n c e s  g r a v i t y .  F o r  t h e  p r e s e n t  s t u d y  I s e a r c h e d  t h e  I U E  

a r c h i v e s  f o r  s t a r s  w h i c h  a r e  r a p i d  r o t a t o r s  a c c o r d i n g  t o  Uesug i  

and Fukuda, b u t  w h i c h  d i d  n o t  have p u b l i s h e d  t e r m i n a l  v e l o c i t i e s .  

OD 

I n  s e c t i o n  I 1  I p r e s e n t  new o b s e r v a t i o n a l  d e t e r m i n a t i o n s  of 

t e i - i a i n a l  v e l o c i t i e s  f o r  17 r a p i d l y  r o t a t i n g  s t a r s ,  based on t h e  

s h o r t  w a v e l e n g t h  edge  o f  t h e  C I V  r e s o n a n c e  d o u b l e t  i n  h i g h  

d i s p e r s i o n  I U E  s p e c t r a .  I n  s e c t i o n  I 1 1  t h e s e  o b s e r v a t i o n s  a r e  

compared t o  t h e  t h e o r e t i c a l  p r e d i c t i o n s  o f  FA. C o n c l u s i o n s  a r e  

d rawn  and s u g g e s t i o n s  f o r  f u r t h e r  work i n  t h i s  a r e a  a r e  d i s c u s s e d  

i n  t h e  f i n a l  s e c t i o n .  

11. I U E  MEASUREMENTS OF TERMINAL VELOCITIES 

T h e r e  a r e  many e a r l y - t y p e  s t a r s  i n  t h e  c a t a l o g  o f  Uesug i  a n d  

Fukuda ( 1 9 8 2 )  w h i c h  a r e  r a p i d  r o t a t o r s ,  b u t  o n l y  t h o s e  s t a r s  
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w h i c h  h a v e  dense enough w inds  w i l l  have  C I V  a b s o r p t i o n  e x t e n d i n g  

a l l  t h e  way t o  t e r m i n a l  v e l o c i t y .  The r e a s o n  t h a t  n o t  many r a p i d  

r o t a t o r s  have had t h e i r  t e r m i n a l  v e l o c i t i e s  measured i n  t h e  p a s t  

i s  t h a t  t h e  s t a r s  w i t h  t h e  s t r o n g e s t  w i n d s  a r e  t h e  s u p e r g i a n t s  

w h i c h  have  spun down a p p r e c i a b l y  due t o  a n g u l a r  momentum l o s s  i n  

t h e i r  w i n d s  ( s e e  MacGregor,  F r i e n d ,  and G i l l i l a n d  1987) .  

However,  a c l a s s  o f  s t a r s  wh ich  c o n t a i n s  r a p i d  r o t a t o r s  and w h i c h  

have  s t r o n g  enough w i n d s  t h a t  t h e i r  t e r m i n a l  v e l o c i t i e s  c a n  be 

measured a r e  t h e  BO g i a n t s .  I f o u n d  s e v e r a l  r a p i d  r o t a t o r s  i n  

t h i s  c l a s s ,  as  w e l l  a s  s e v e r a l  r a p i d l y  r o t a t i n g  0 s t a r s ,  w h i c h  

d i d  n o t  have p u b l i s h e d  t e r m i n a l  v e l o c i t i e s .  

I s e a r c h e d  t h e  I U E  a r c h i v e s  f o r  s t a r s  w h i c h  met  t h e  

f o l l o w i n g  f o u r  c r i t e r i a :  1) They had t o  be r a p i d  r o t a t o r s ,  w h i c h  

I t o o k  t o  mean t h a t  t h e i r  measured p r o j e c t e d  r o t a t i o n a l  

v e l o c i t i e s  ( f r o m  Uesug i  and Fukuda 1982)  were  l a r g e r  t h a n  1 / 3  o f  

t h e  c r i t i c a l  r o t a t i o n a l  v e l o c i t y .  2 )  They must  h a v e  been 

o b s e r v e d  w i t h  t h e  I U E  c h n r t  w a v e l e n g t h  camera i n  t h e  h i g h  

d i s p e r s i o n  mode. 3)  They had t o  have s t r o n g  enough w i n d s  t h a t  

t h e i r  t e r m i n a l  v e l o c i t i e s  c o u l d  be  r e l i a b l y  d e t e r m i n e d  f r o m  t h e  

s h o r t  w a v e l e n g t h  edge o f  t h e  C I V  r e s o n a n c e  d o u b l e t .  From a 

p r e l i m i n a r y  s t u d y  o f  a sample o f  I U E  C I V  p r o f i l e s ,  I d e t e r m i n e d  

t h a t  t h i s  w o u l d  i n c l u d e  e s s e n t i a l l y  a l l  0 s t a r s ,  BO s t a r s  o f  

l u m i n o s i t y  c l a s s  I 1 1  o r  b r i g h t e r ,  B 1  s t a r s  o f  l u m i n o s i t y  c l a s s  I 1  

o r  b r i g h t e r ,  and a l l  s u p e r g i a n t s .  4 )  They must n o t  have a l r e a d y  

had a r e l i a b l e  t e r m i n a l  v e l o c i t y  measurement i n  t h e  l i t e r a t u r e .  

I f o u n d  17 s t a r s  w h i c h  met t h e s e  f o u r  c r i t e r i a ,  and t h e y  a r e  

l i s t e d  i n  T a b l e  1. Column 1 g i v e s  t h e  HD number o f  each  s t a r ,  



and c o l u m n  2 g i v e s  a s p e c t r a l  t y p e  and l u m i n o s i t y  c l a s s .  The 

s o u r c e s  o f  t h e s e  S p e c t r a l  c l a s s i f i c a t i o n s  a r e  g i v e n  i n  t h e  t h i r d  

co lumn.  To f i n d  t h e  c r i t i c a l  r o t a t i o n a l  v e l o c i t y  f o r  each s t a r ,  

and a l s o  t h e  escape  v e l o c i t y  w i t h  w h i c h  we wan t  t o  compare t h e  

t e r m i n a l  v e l o c i t y ,  we need t o  e s t i m a t e  t h e  l u m i n o s i t y ,  mass, and 

r a d i u s  o f  each s t a r .  These q u a n t i t i e s ,  and t h e  o b s e r v a t i o n a l  

d a t a  needed t o  c a l c u l a t e  them, a r e  g i v e n  i n  co lumns  4 t h r o u g h  10. 

A b s o l u t e  v i s u a l  m a g n i t u d e s  a r e  g i v e n  i n  co lumn 4, and t h e  s o u r c e s  

o f  t h e s e  i n  co lumn 5. F o u r  o f  t h e s e  s t a r s  a r e  i n  c l u s t e r s ,  so  

t h e r e  i s  a v e r y  good e s t i m a t e  f o r  Mv. M o s t ,  however,  a r e  f i e l d  

s t a r s ,  f o r  w h i c h  a b s o l u t e  v i s u a l  m a g n i t u d e s  were  t a k e n  f r o m  t h e  

c a l i b r a t i o n s  o f  C o n t i  -- e t  a l .  ( 1 9 8 3 )  f o r  0 s t a r s  and U n d e r h i l l  and 

Doazan ( 1 9 8 2 )  f o r  8 s t a r s .  The e f f e c t i v e  t e m p e r a t u r e s  and 

b o l o m e t r i c  c o r r e c t i o n s  a r e  g i v e n  i n  co lumns  6 and 7, t a k e n  f r o m  

t h e  c a l i b r a t i o n  o f  F l o w e r  ( 1 9 7 7 ) .  The l u m i n o s i t i e s  i m p l i e d  f r o m  

t h e s e  d a t a  a r e  g i v e n  i n  column 8, and r a d i i ,  f r o m  t h e  d e f i n i t i o n  

o f  e f f e c t i v e  t e m p e r a t u r e ,  a r e  g i v e n  i n  c o l u m n  9. Masses w e r e  

t a k e n  f r o m  t h e  e v o l u t i o n a r y  t r a c k s  o f  Doom (1982a ,  b ) ,  w h i c h  

c o n t a i n  mass l o s s  and  c o n v e c t i v e  o v e r s h o o t i n g ,  and a r e  shown in 

c o l u m n  10. The r e s u l t a n t  escape v e l o c i t i e s  a r e  g i v e n  i n  co lumn 

11; t h e y  a r e  c a l c u l a t e d  f r o m  

- .  

V 
est 

where r i s  t h e  r a t i o  o f  t h e  l u m i n o s i t y  t o  t h e  E d d i n g t o n  

l u m i n o s i t y :  
‘eL 

r = -  . 
4.rrGMc 
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T h e  q u a n t i t y  ae i s  t h e  e l e c t r o n  s c a t t e r i n g  o p a c i t y ,  and t h e  o t h e r  

symbols  have t h e i r  usua l  meanings. Note t h a t  t h e  c r i t i c a l  

r o t a t i o n a l  v e l o c i t y  i s  j u s t  l / f i  t i m e s  t h e  e s c a p e  v e l o c i t y .  

The u n c e r t a i n t i e s  i n  t h e s e  computed e s c a p e  v e l o c i t i e s  a r e  

s u b s t a n t i a l ,  b u t  d i f f i c u l t  t o  e s t i m a t e ,  s i n c e  t he  u n c e r t a i n t i e s  

i n  t h e  "obse rved"  q u a n t i t i e s  a r e  d i f f i c u l t  t o  e s t i m a t e .  I n  most 

c a s e s  t h e  e s c a p e  v e l o c i t y  i s  d e r i v e d  from t h e  observed  s p e c t r a l  

t y p e  and l u m i n o s i t y  c l a s s  a lone.  A s s u m i n g  a 10% u n c e r t a i n t y  i n  

T e f f ,  an u n c e r t a i n t y  i n  BC and  Mv of 0.5 magn i tude ,  and an 

u n c e r t a i n t y  i n  M o f  50% ( t h e s e  e s t i m a t e s  a r e  from Conti  1 9 8 4 ) ,  

l e a d s  t o  a n  u n c e r t a i n t y  i n  t h e  e s c a p e  v e l o c i t y  of  about  30%. 

The measured t e r m i n a l  v e l o c i t i e s  from t h e  I U E  C IV p r o f i l e s  

a r e  g i v e n  i n  column 1 2  of Table 1, a n d  t h e  r a t i o  o f  t h e s e  t o  t h e  

e s c a p e  v e l o c i t i e s  a r e  shown i n  column 14. 

c l u s t e r s  around t h e  v a l u e  3.0 f o r  0 and e a r l y  B s t a r s  i n  g e n e r a l  

T h e  r a t i o  v /vest 
03 

a .  

( A b b o t t  1 9 7 8 ) .  We s e e  t h a t  t h e r e  i s  a w i d e  r a n g e  i n  t h i s  r a t i o  

f o r  o u r  sample o f  r a p i d l y  r o t a t i n g  s t a r s ,  r a n g i n g  from 1.3 t o  

4.0. T h i s  range  i s  t y p i c a l  of t h e  s c a t t e r  i n  l a r g e r  samples  of  

e a r l y - t y p e  s t a r s ,  such a s  i n  Abbot t  (1978) .  Typ ica l  examples o f  

t h e  C I V  p r o f i l e s  used t o  e s t i m a t e  v, a r e  shown i n  Figure 1. T h e  

u n c e r t a i n t y  i n  the measured t e r m i n a l  v e l o c i t y  i s  on  t h e  order  o f  

20% o r  l e s s ,  so t h a t  t h e  u n c e r t a i n t y  i n  t h e  r a t i o  vm/vesc 

t h e  o r d e r  o f  35%. 

i s  on 

T h e  l a s t  q u a n t i t y  g iven  i n  T a b l e  1 i s  t h e  p r o j e c t e d  

r o t a t i o n a l  v e l o c i t y  from Uesugi and Fukuda ( 1 9 8 2 ) ,  i n  column 1 3 ,  

a l o n g  w i t h  t h e  r a t i o  o f  t h i s  t o  t h e  c r i t i c a l  r o t a t i o n a l  v e l o c i t y  

i n  column 15. T h e  r o t a t i o n a l  v e l o c i t y  r a t i o s  r ange  from 0.37 t o  
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0.85. I t  i s  e x t r e m e l y  d i f f i c u l t  t o  e v a l u a t e  t h e  u n c e r t a i n t i e s  i n  

t h e  r o t a t i o n a l  v e l o c i t i e s  of  Uesugi a n d  Fukuda, s i n c e  these  

v a l u e s  were o b t a i n e d  from many d i f f e r e n t  s o u r c e s ,  and t h e  

t e c h n i q u e  o f  e s t i m a t i n g  v sin i v a r i e s  from s o u r c e  t o  s o u r c e .  

S l e t t e b a k  (1982) e s t i m a t e s  t h a t  t he  u n c e r t a i n t y  i n  v s i n  i f o r  

h o t  s t a r s  i s  a t  l e a s t  l o % ,  and p r o b a b l y  l a r g e r ,  so t h a t  t h e  

u n c e r t a i n t y  i n  t h e  r o t a t i o n a l  v e l o c i t y  r a t i o  i n  column 15 i s  of 

t h e  same order  a s  t h e  b n c e r t a i n t y  i n  t h e  r a t i o  vcD/vesc . 
F i g u r e  2 i s  a p l o t  of t h e  r a t i o  v m / v e s c  a g a i n s t  t he  r a t i o  v 

s i n  i / v c r i t  f o r  16 o f  t h e  s tars  i n  Tab le  1, a long  w i t h  many 

p r e v i o u s  d e t e r m i n a t i o n s  f o r  l e s s  r a p i d l y  r o t a t i n g  s t a r s ,  shown a s  

open c i r c l e s  ( t h e  o t h e r  symbols w i l l  be d i s c u s s e d  s h o r t l y ) .  The 

e a r l i e r  d e t e r m i n a t i o n s  were a l r e a d y  p l o t t e d  i n  F i g u r e  3 of  F A :  

w i t h o u t  t h e  r a p i d  r o t a t o r s ,  there  i s  no c l e a r  r e l a t i o n  between 

t h e  two q u a n t i t i e s  p l o t t e d .  W i t h  t h e  i n c l u s i o n  o f  t h e  s t a r s  from 

T a b l e  1,  however, there  i s  a c l e a r  d r o p  i n  v m / v e S C  f o r  t h e  most  

r a p i d l y  r o t a t i n g  s t a r s .  To make t h i s  d r o p  more v i s i b l e ,  I have 

b i n n e d  t h e  o b s e r v a t i o n s  by r o t a t i o n a l  v e l o c i t y ,  and  p l o t t e d  t h e  

a v e r a g e  va lues  as  f i l l e d  c i r c l e s ,  w i t h  t he  error b a r s  

r e p r e s e n t i n g  t h e  s c a t t e r  (one  s t a n d a r d  d e v i a t i o n )  w i t h i n  each  

b i n .  I n  t h e  p r e v i o u s  s e c t i o n  1 es t imated t h a t  t h e  u n c e r t a i n t y  i n  

the  measured v a l u e  o f  vm/vesc i s  abou t  35%, so t h i s  o b s e r v a t i o n a l  

u n c e r t a i n t y  i s  a b i t  l a r g e r  t han  t h e  s c a t t e r  error  b a r s  shown. 

T h e r e  a r e  o n l y  t h ree  s t a r s  i n  t h e  h i g h e s t  r o t a t i o n a l  v e l o c i t y  

b i n ,  b u t  t h e  s c a t t e r  i n  t h i s  b i n  i s  no t  v e r y  l a r g e .  Note f rom 

T a b l e  1 t h a t  these  th ree  s t a r s  r a n g e  i n  s p e c t r a l  t y p e  o n l y  from 

BO t o  B 1  and i n  l u m i n o s i t y  c l a s s  from I11  t o  I b ,  so t h e y  a r e  a 

e .  
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f a i r l y  homogeneous g r o u p  i n  t h e i r  o b s e r v e d  p r o p e r t i e s ,  i n c l u d i n g  

r o t  a t  i ona 1 v e l  oc i t y  . 
Though t h e r e  i s  c o n s i d e r a b l e  s c a t t e r  i n  t h e  o b s e r v a t i o n a l  

d e t e r m i n a t i o n s  o f  voD/vesc , t h e  d e c l i n e  o f  t e r m i n a l  v e l o c i t y  w i t h  

r o t a t i o n a l  v e l o c i t y  i s  s t a t i s t i c a l l y  s i g n i f i c a n t .  The l i n e  i n  

F i g u r e  2 i s  a ' l i n e a r  l e a s t  squares  f i t  t o  t h e  d a t a  w i t h  v s i n  i/ 

V > 0.15 ( t h e  few s t a r s  w i t h  s m a l l e r  v a l u e s  o f  v s i n  i / v  . 
c r i  t c r i  t 

e x h i b i t  a s h a r p  s y s t e m a t i c  d r o p  i n  v,/v w h i c h  c a n n o t  b e  

e x p l a i n e d  b y  t h e  F A  model ,  so  t h e y  were n o t  i n c l u d e d  i n  t h e  f i t ) .  

T h i s  l i n e  i s  d e s c r i b e d  by 

esc 

v o o  v s i n  i - -  - 3.52 + 0.15 - (1 .43 + 0.40) - - 
9 

V c r i  t 
V 
est 

t h e  n e g a t i v e  s l o p e  i s  r e a l  up t o  3 1 / 2  s t a n d a r d  d e v i a t i o n s  f r o m  

t h e  mean. I a l s o  f o u n d  t h e  l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t  t o  b e  

-0.428, w h i c h ,  f o r  t h e  number o f  d a t a  p o i n t s  i n  t h i s  sample,  

i n d i c a t e s  a p r o b a b i l i t y  o f  c o r r e l a t i o n  o f  a p p r o x i m a t e l y  99.9% 

(Young 1 9 6 2 ) .  

111. COMPARISON TO MODEL P R E D I C T I O N S  

I n  F i g u r e  3 I have p l o t t e d  t h e  t h e o r e t i c a l  v a l u e s  o f  v / v  esc 
V S *  Vrot  /'wit f r o m  t h e  model o f  FA, shown a s  x ' s .  The b i n n e d  

o b s e r v a t i o n s  a r e  a1 so p l o t t e d  f o r  c o m p a r i s o n .  These t h e o r e t i c a l  

v a l u e s  r e p r e s e n t  a r a n g e  o f  escape v e l o c i t i e s ,  w h i c h  e x p l a i n s  t h e  

s c a t t e r  i n  v,/vesc f o r  a g i v e n  v 

f o r c e  p a r a m e t e r s  k and a were c h o s e n  t o  b e  t h o s e  a p p r o p r i a t e  f o r  

. The C A K  r a d i a t i o n  r o t  " c r i t  
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0 and e a r l y  B s t a r s ,  a c c o r d i n g  t o  t h e  t a b u l a t i o n s  o f  A b b o t t  

( 1 9 8 2 ) .  The t r e n d  o f  d e c r e a s i n g  v / v  w i t h  i n c r e a s i n g  

r o t a t i o n a l  v e l o c i t y  i s  e v i d e n t ,  and i t  even  a g r e e s  f a i r l y  w e l l  i n  

m a g n i t u d e  w i t h  t h e  o b s e r v a t i o n s .  A l i n e a r  l e a s t  s q u a r e s  f i t  t o  

a~ esc 

t h e  t h e o r e t i c a l  d a t a  y i e l d s  

rot 

V cri t 

V a J  V 

- = 3.33 + 0.06 - (1.41 2 0.16) - - * 
V 
est 

t h o u g h  a b e t t e r  f i t  can  be  o b t a i n e d  w i t h  a power l a w  i n  (1  - vrot 

/ v  c r i t ) .  N o t e  t h a t  t h e  s l o p e  o f  t h i s  l i n e  i s  n e a r l y  i d e n t i c a l  t o  

t h a t  o f  t h e  o b s e r v a t i o n a l  data.  

T h r e e  f u r t h e r  t h i n g s  s h o u l d  b e  n o t e d  a b o u t  F i g u r e s  2 and 3. 

The f i r s t  i s  t h a t  n o t  a l l  t h e  o b s e r v a t i o n a l  d e t e r m i n a t i o n s  f r o m  

F A  n o r  f r o m  T a b l e  1 a r e  p l o t t e d .  T h i s  i s  b e c a u s e  t h e r e  a r e  

w h i c h  we need t o  s y s t e m a t i c  t r e n d s  be tween  v,/vesc 

e l i m i n a t e  i n  o r d e r  t o  t e s t  f o r  a c o r r e l a t i o n  w i t h  r o t a t i o n a l  

v e l o c i t y .  

l a t e  B s u p e r g i a n t s ,  have  l o w e r  v a l u e s  f o r  v,/vesc because  o f  a 

l o w e r  v a l u e  f o r  t h e  r a d i a t i o n  f o r c e  p a r a m e t e r  a ( a  l a r g e  number 

o f  r e l a t i v e l y  o p t i c a l l y  t h i n  l i n e s  d r i v e s  t h e  f l o w  i n  t h e s e  

s t a r s ;  see FA) .  

d r o p p e d  f r o m  F i g u r e  2. The s t a r s  w i t h  t h e  h i g h e s t  v a l u e s  o f  

- .  

and 'est 

The s t a r s  w i t h  t h e  l o w e s t  v a l u e s  o f  vest, namely t h e  

So a l l  s t a r s  w i t h  veSc l e s s  t h a n  400 km s-' were  

n a m e l y  t h e  m i d  t o  l a t e  0 m a i n  sequence s t a r s ,  a l s o  have est, 

s y s t e m a t i c a l  l y  1 ower Val  ues  f o r  vaD/vesc 

8 ) ,  a f a c t  w h i c h  c a n n o t  be  e x p l a i n e d  b y  t h e  model .  So s t a r s  w i t h  

( s e e  FA, F i g u r e s  7 and 

g r e a t e r  t h a n  1050 km s - ' w e r e  a l s o  e l i m i n a t e d  f r o m  F i g u r e  2, esc 

w h i c h  i n c l u d e s  one o f  t h e  r a p i d  r o t a t o r s  i n  T a b l e  1. 
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The second  t h i n g  t o  n o t e  a b o u t  F i g u r e  2 i s  t h a t  even w i t h  

t h e  e l i m i n a t i o n  o f  t h e  l a t e  B s u p e r g i a n t s ,  w h i c h  wou ld  f a l l  i n  

t h e  l o w e r  l e f t  p o r t i o n  o f  t h e  p l o t ,  t h e  t e r m i n a l  v e l o c i t y  r a t i o  

i s  l o w e r  f o r  t h e  s t a r s  w i t h  t h e  l o w e s t  v a l u e s  o f  p r o j e c t e d  

r o t a t i o n a l  v e l o c i t y .  T h i s  e f f e c t  i s  n o t  e x p l a i n e d  b y  t h e  t h e o r y ,  

and, i f  i t  i s  r e a l ,  may be r e l a t e d  t o  a t h i r d  p o i n t :  t h e  

o b s e r v a t i o n s  g i v e  o n l y  t h e  p r o j e c t e d  r o t a t i o n a l  v e l o c i t y  w h i l e  

t h e  t h e o r e t i c a l  m o d e l s  a r e  computed f o r  t h e  e q u a t o r i a l  r o t a t i o n a l  

v e l o c i t y .  T h i s  p r o j e c t i o n  e f f e c t  c o u l d  l o w e r  t h e  a v e r a g e  v a l u e  

f o r  a l o w  v a l u e  o f  v. s i n  i / v  , s i n c e  some o f  t h e  of  voD/v esc cri t 
s t a r s  w i t h  l o w  p r o j e c t e d  r o t a t i o n a l  v e l o c i t i e s  a c t u a l l y  have 

l a r g e r  r o t a t i o n a l  v e l o c i t i e s  and, hence, w i l l  have l o w e r  t e r m i n a l  

v e l o c i t i e s .  However, t h e  t e r m i n a l  v e l o c i t y  i s  l o w e r e d  by  

r o t a t i o n  p r e d o m i n a n t l y  on t h e  e q u a t o r ,  and t h e  t e r m i n a l  

v e l o c i t i e s  o f  s t a r s  seen near  t h e  p o l e - o n  o r i e n t a t i o n  w i l l  l i k e l y  
- .  

be i n d e p e n d e n t  o f  r o t a t i o n  r a t e .  We need t o  i n v e s t i g a t e  

t w o - d i m e n s i o n a l  mode ls  o f  r o t a t i n g  w i n d s  b e f o r e  we c a n  t e l l  how 

t h e  t e r m i n a l  v e l o c i t y  a c t u a l l y  v a r i e s  w i t h  l a t i t u d e .  Poe (1987)  

i s  c u r r e n t l y  c a r r y i n g  o u t  such an  i n v e s t i g a t i o n .  

IV. CONCLUSIONS 

The new d e t e r m i n a t i o n s  o f  t e r m i n a l  v e l o c i t i e s  f o r  r a p i d l y  

r o t a t i n g  s t a r s  a r e  s u g g e s t i v e  t h a t  t h e  r a t i o  VJV d e c r e a s e s  

w i t h  i n c r e a s i n g  r o t a t i o n a l  v e l o c i t y .  Compar i son  t o  t h e  r o t a t i n g  

w i n d  model o f  F A  s u g g e t s  t h a t  t h e  model  d e s c r i b e s  t h e  t e r m i n a l  

v e l o c i t i e s  o f  r a p i d l y  r o t a t i n g  s t a r s  f a i r l y  w e l l .  Even w i t h  t h e  

esc 
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l a r g e  u n c e r t a i n t i e s  i n  t h e  o b s e r v a t i o n a l  d a t a ,  t h e  d i f f e r e n c e s  i n  

b e t w e e n  t h e  h i g h e s t  b i n  and t h e  l o w e s t  b i n  a p p e a r  t o  b e  vJv esc 

s i g n i f i c a n t .  

The b i g g e s t  p r o b l e m  w i t h  m a k i n g  any d e f i n i t i v e  c o n c l u s i o n s  

f r o m  t h e s e  d a t a  i s  t h a t  t h e r e  a r e  o n l y  t h r e e  s t a r s  w h i c h  f a l l  i n  

t h e  h i g h e s t  r o t a t i o n a l  v e l o c i t y  b i n .  I t  wou ld  be  v e r y  d e s i r a b l e  

t o  f i n d  m o r e  r a p i d l y  r o t a t i n g  OB s t a r s  t o  f i l l  o u t  t h e  h i g h  

r o t a t i o n a l  v e l o c i t y  end  o f  F i g u r e  2. However, i t  w i l l  b e  v e r y  

d i f f i c u l t  t o  f i n d  many more r a p i d  r o t a t o r s  t h a t  have n o t  a l r e a d y  

been o b s e r v e d  w i t h  IUE, as t h e r e  a r e  now p r o b a b l y  v e r y  f e w  

G a l a c t i c  OB s t a r s  t h a t  have n o t  been  obse rved ,  and v e r y  f e w  o f  

them w o u l d  be r a p i d  r o t a t o r s .  

The r o t a t i n g  wind model o f  FA a l s o  p r e d i c t s  t h a t  mass l o s s  

r a t e s  f o r  t h e  m o s t  r a p i d  r o t a t o r s  w i l l  b e  h i g h e r  t h a n  f o r  t h e  

s l o w  r o t a t o r s .  I t  w o u l d  b e  i n t e r e s t i n g  t o  c a l c u l a t e  mass l o s s  

r a t e s  f o r  t h e  r a p i d  r o t a t o r s  i n  t h i s  sample t o  compare t o  t h e  

p r e d i c t i o n s .  However, t h e r e  a r e  t w o  s e r i o u s  o b s t a c l e s  t o  

u n d e r t a k i n g  t h i s  s t u d y .  The f i r s t  i s  t h a t  mass l o s s  r a t e s  

d e t e r m i n e d  b y  U V  p r o f i l e  f i t t i n g ,  w h i c h  i s  t h e  me thod  t h a t  m u s t  

be  u s e d  f o r  s t a r s  w i t h  modera te  mass loss r a t e s ,  a r e  v e r y  

u n c e r t a i n ,  p r o b a b l y  o n l y  a c c u r a t e  t o  a f a c t o r  o f  a b o u t  two. 

S i n c e  t h e  r i s e  i n  M f o r  t h e  mos t  r a p i d l y  r o t a t i n g  s t a r s  i n  o u r  

s t u d y  i s  p r e d i c t e d  t o  b e  a f a c t o r  o f  a b o u t  t w o  ( s e e  F i g u r e  4 o f  

FA), t h e  e f f e c t  i n  M w i l l  o n l y  b e  m a r g i n a l l y  d e t e c t a b l e .  

The second  o b s t a c l e  i s  t h a t  t h e  l i n e  p r o f i l e  f i t t i n g  p r o g r a m  

a v a i l a b l e  a t  t h e  IUE R e g i o n a l  D a t a  A n a l y s i s  F a c i l i t i e s  assumes 

s p h e r i c a l  symmetry. The w inds  f r o m  r a p i d l y  r o t a t i n g  s t a r s  w i l l  
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c e r t a i n l y  n o t  be  s p h e r i c a l l y  symmet r i c ,  s i n c e  t h e  e q u a t o r i a l  

p r o p e r t i e s  w i l l  b e  s i g n i f i c a n t l y  m o d i f i e d  b y  r o t a t i o n .  I t  i s  

p r o b a b l y  a good a p p r o x i m a t i o n ,  t hough ,  t o  assume t h a t  t h e  w i n d s  

a r e  a x i a l l y  s y m m e t r i c .  P. B. Kunasz (1984 ;  p r i v a t e  

c o m m u n i c a t i o n ) .  has r e c e n t l y  w r i t t e n  a f o r m a l  s o l u t i o n  code f o r  

t h e  c a l c u l a t i o n  o f  l i n e  p r o f i l e s  i n  a x i a l l y  s y m m e t r i c  geometry .  

I am p l a n n i n g  t o  u s e  t h i s  code, i n  c o n j u n c t i o n  w i t h  escape  

p r o b a b i l i t y  me thods  t o  f i n d  l i n e  s o u r c e  f u n c t i o n s ,  t o  c a l c u l a t e  

1 i n e  p r o f i l e s  f o r  r a p i d l y  r o t a t i n g  s t a r s .  The e q u a t o r - t o - p o l e  

v a r i a t i o n  o f  t h e  w i n d  p r o p e r t i e s  c a n  b e  c a l c u l a t e d  u s i n g  t h e  

t w o - d i m e n s i o n a l  r o t a t i n g  wind model b e i n g  d e v e l o p e d  b y  Poe 

( 1 9 8 7 ) .  I c a n  t h e n  compare mass l o s s  r a t e s  deduced f r o m  t h e s e  

p r o f i l e s  t o  t h o s e  computed f o r  t h e  r a p i d l y  r o t a t i n g  s t a r s  i n  t h i s  

samp le  t o  see  i f  a n y t h i n g  can be  l e a r n e d  a b o u t  t h e  mass l o s s  

r a t e s  o f  r a p i d  r o t a t o r s .  Note t h a t  Vardya ( 1 9 8 5 )  has c l a i m e d  t o  

f i n d  c o r r e l a t i o n s  be tween  c e r t a i n  f u n c t i o n s  o f  mass l o s s  r a t e  a n d  

r o t a t i o n a l  v e l o c i t y ,  b u t  h i s  r e s u l t s  a r e  o f  m a r g i n a l  s t a t i s t i c a l  

s i g n i f i c a n c e .  

I w o u l d  l i k e  t o  t h a n k  Terry A r m i t a g e  and K a t y  Garmany f o r  

t e a c h i n g  me how t o  use t h e  I U E  R e g i o n a l  D a t a  A n a l y s i s  F a c i l i t y  i n  

B o u l d e r .  D e r c k  Massa and C l i n t  Poe d e s e r v e  t h a n k s  f o r  h e l p i n g  

w r i t e  t h e  I U E  a r c h i v a l  p r o p o s a l  and f o r  h e l p i n g  t a b u l a t e  t h e  d a t a  

on  t h e  p r o g r a m  s t a r s .  Dave A b b o t t  and J o e  C a s s i n e l l i  a r e  t h a n k e d  

f o r  c r i t i c a l  comments on  t h e  p r e s e n t a t i o n  o f  t h e  d a t a .  T h i s  

s t u d y  was s u p p o r t e d  b y  NASA g r a n t  NAG 5-804 t o  t h e  U n i v e r s i t y  o f  

W i s c o n s i n .  
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F I G U R E  CAPTIONS 

F i g .  1 . - -Actual  t r a c i n g s  o f  t h e  IUE SWP images o f  t h e  r e g i o n  

around t h e  C IV r e s o n a n c e  d o u b l e t  n e a r  1550 f o r  two s t a r s .  a )  

H D  188439 (B0.5 1 1 1 ) ,  a ve ry  r a p i d  r o t a t o r  which h a s  a low 

te rmina l  v e l o c i t y  of  1310 km s-! b )  H D  101436 (06.5 V ) ,  a 

r e l a t i v e l y  slow r o t a t o r  w i t h  a h i g h  t e r m i n a l  v e l o c i t y  o f  3280 km 
- I  

5 .  

F i g .  2 . - -The r a t i o  of the  t e r m i n a l  v e l o c i t y  t o  t h e  e s c a p e  

v e l o c i t y  p l o t t e d  a g a i n s t  t h e  r a t i o  o f  t h e  r o t a t i o n a l  v e l o c i t y  t o  

t h e  c r i t i c a l  r o t a t i o n a l  v e l o c i t y .  T h e  open c i r c l e s  a re  t h e  

o b s e r v a t i o n s  ( t h e s e  a r e  p r o j e c t e d  r o t a t i o n a l  v e l o c i t i e s ) ,  and the 

f i l l e d  c i r c l e s  a r e  t h e  o b s e r v a t i o n s  b i n n e d .  a c c o r d i n g  t o  

r o t a t i o n a l  v e l o c i t y ,  w i t h  t h e  e r r o r  b a r s  represent ing  t h e  s c a t t e r  

( o n e  s t a n d a r d  d e v i a t i o n )  w i t h i n  e a c h  b i n .  T h e  l i n e  i s  a l i n e a r  

l e a s t  s q u a r e s  f i t  t o  t h e  d a t a .  

F i g .  3.--The t h e o r e t i c a l  v a l u e s  f o r  t h e  same r a t i o s  t h a t  were 

p l o t t e d  i n  F i g u r e  2 ,  a s  x ' s ,  a l o n g  w i t h  t h e  b i n n e d  o b s e r v a t i o n s  

from F i g u r e  2.  
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